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Executive Summary
This thesis analyzes the potential for existing natural gas combined cycle (NGCC) power generation to
displace coal generation thereby reducing emissions of C02 and criteria pollutants regulated under the
Clean Air Act. It also examines the potential for unused NGCC capacity to eliminate transmission
congestion while simultaneously reducing C02 and other criteria pollutant emissions.
The average capacity factor of the entire natural gas fleet in year 2008 was 26%. The average capacity
factor of NGCC units, a subset of the gas fleet, is 41%. NGCC units, however, are designed to operate at
capacity factors as high as 85%. The delta of these two numbers has generated significant policy interest
as a means for reducing C02 emissions through some type of environmental dispatch that would favor
NGCC over coal generation without the need for additional capital investment.
The maximum potential of natural gas power generation to displace inefficient coal generation was
determined. This upper limit can provide regulators and policy makers with guideposts for further
review. Various operational constraints including transmission limitations were then modeled to
determine the extent to which these constraints limit fuel switching opportunities.
An analysis was conducted to estimate the effects of fuel switching on transmission congestion. The
conclusion of this analysis was that generation from potentially available NGCC capacity located in
regions with high load centers can help alleviate the transmission congestion problem with minimal or
zero capital investment for building new generation capacity.
Next, an hourly dispatch model was developed that incorporates many of the complexities of the power
system. This model dispatches generation from various power plants under two scenarios: a carbon
unconstrained scenario (base case); and a carbon constrained scenario. Under the carbon constrained
scenario, dispatch preference is give to NGCC generation over coal generation. Two regions were
modeled: the Electric Reliability Council of Texas (ERCOT), which is primarily Texas; and the Florida
Reliability Coordinating Council (FRCC), which is primarily Florida. Results from the two cases indicate
that, without compromising system reliability:
In the ERCOT region, displacing some coal generation with existing and available NGCC
generation would lower CO2 emissions by nearly 22%, SO2 by 70% and NOx by 49%, compared to
the base case.
* In the FRCC region, displacing some coal generation with existing and available NGCC generation
would lower CO2 emissions by nearly 10%, 502 by 38% and NOx by 25%, compared to the base
case.
The model results also indicate that for both ERCOT and FRCC, these emissions savings can be achieved
with a 10% increase in electricity prices. This translates into a cost of emissions reductions of $20/ton of
CO2 in ERCOT and $40/ton of CO2 in FRCC. This compares to the cost of emissions reductions from corn
ethanol, which is about $750/ton of C02, as reported by Congressional Budget Office'.
Finally, a comparison was made between the results of the hourly dispatch model and the ReEDS model,
a more complex model developed by Department of Energy's (DOE) National Renewable Energy
Laboratory (NREL).
"The Impact of Ethanol Use on Food Prices and Greenhouse-Gas Emissions" Congressional Budget Office, Apr
2009; http://online.wsi.com/article/NA WSJ PUB:SB124389966385274413.html visited on Aug 1st 2010
1. Introduction
Growing concerns about climate change and the need for early action have prompted a search for ways
to rapidly achieve substantial C02 emissions reductions. In 2008, the electric sector contributed over
42% of the net C02 emissions in U.S. Further, the US Environmental Protection Agency (EPA) has, or is
developing, rules for C02 emissions reductions and criteria pollutants including S02 and NOx.
Coal generation contributed to about 78% of total CO2 emissions, 90% of total S02 and 82% of total NOx,
from electricity sector (see Figure 1-1).
Figure 1-1 Emissions from electric sector (in Mega Tons)
Source: EtA database
C2emissions SO2 emissions NOx emissions0 Coal
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In the U.S, the installed power plant capacity is predominantly comprised of natural gas, followed by
coal and nuclear/hydro. The mix of generation is however dominated by coal. In 2008, the net installed
capacity of natural gas plants exceeded coal capacity by over 25% (Figure 1-3). This compares to net
generation from gas plants which was 55% less than coal generation (Figure 1-4).
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Figure 1-4 Electricity generation (in Twh) In 2008, the average coal plant capacity factor2 for
the year was almost 72% while the entire natural gas
55 fleet's capacity factor was only 26% (see Figure 1-2).
The capacity factor of natural gas combined cycle1 Coal (NGCC plants was higher but still was only 41%, far
806 U NG less than the potential design capacity of as high asNuclear 85%.
" Hydro
* Wind Economics is the primary driver for electricity
"Others dispatch decisions by operators, and dispatch rules
tend to favor dispatch of the lower cost generation
before higher cost generation. Historically, coal as a
Source: EIA 2008 fuel for power generation has been cheaper than gas.
The low capacity factors of natural gas plants relative to coal plants combined with the fact that natural
gas fuel has lower pollutants than coal fuel (see Table 1-1), represents a relatively low cost option with
significant potential for reducing carbon emissions. Irrespective of plant type, the emissions from a plant
can be calculated as a product of the total amount of fuel consumed and amount of pollutants per unit
volume of fuel.
Ecnmc tbe -pollants drier fureltyerit
The opportunity for fuel switching is limiteddispatc
by the requirements of the generation
system for reliability, which entails the
maintenance of spare generation capacity p g h b c t g
suffiient to meet maximum - not average
- demand, including reserve capacity Theses
limitations on one-for-one switching of coal
to gas generation units of power include
variations in load profiles, decision-making
which favors economic dispatch, and
transmission constraints. Source: EIA
Transmission constraints refer either to a piece of equipment that limits electricity flows in physical
terms, or to an operational limit imposed to protect the reliability of the system. These system
constraints along the path of electricity flows lead to congestion, when actual or scheduled flows of
electricity across a boundary are restricted below desired levels. 3 For example, in the Eastern
Interconnection (see Figure 1-5) the congestion between point 9 and point 6 (in Pennsylvania State) is
from the limited transmission capacity that is below 1GW, less than the desired level.4
2 Capacity factor = [Actual generation in a given year] / [ ( summer name plate capacity) * 8760]
3 "National Electric Transmission Congestion Study", by U.S Department of Energy, Aug 2006
4"National Transmission Grid Study", by U.S Department of Energy, 2002
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Figure 1-5 Transmission congestion in Eastern Interconnection
This congestion results in increased electricity prices to end use consumers, primarily because higher
cost generation has to be dispatched to relieve congestion. Congestion can also threaten system
reliability. New, location-specific measures are needed to alleviate the congestion. The DOE report
identifies options for reducing congestion as new transmission construction, demand-side management
and new generation close to major load centers. A recent DOE report5 also indicates that the
combination of these measures could reduce overall electricity supply costs in the affected areas by
millions of dollars per year and significantly improve grid reliability.
This analysis:
* Estimates the potential of fuel switching assuming a change in the dispatch order to satisfy
environmental policies, such as limits on C02 emissions and other criteria pollutants pursuant to
the Clean Air Act;
s "National Electric Transmission Congestion Study" by U.S Department of Energy, Aug 2006 and Dec 2009
Source: "National Transmission Grid Study", by DOE, 2002
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* Identifies net natural gas fired power generation that is available to replace coal fired power
generation without compromising system reliability;
* Estimates the resulting savings in carbon and criteria pollutant emissions;
* Estimates the both the cost of emissions reductions and the revenue impacts on generators; and
* Examines the potential of surplus NGCC capacity to alleviate congestion.
The analysis in this thesis relies on a range of analytical tools including GIS tools and models developed
by DOE's National Renewable Energy Laboratory (NREL). Along with these tools, proprietary models
were developed to enhance and expand this analysis.
1.1. Thesis Organization
Chapter 1 has defined electricity capacity and the generation mix for various fuel types in United States
as of December, 2008. The present mix of coal and natural gas powered plant types are further analyzed
to estimate the power plant's efficiency and utilization. Issues surrounding transmission congestion are
also identified.
Chapter 2 reviews an existing analysis of fuel switching and associated issues. The chapter also explains
the tools and methodologies that are utilized to estimate the effects of fuel switching under various
constraints.
Chapter 3, in order to provide an initial roadmap for policy makers and regulators on opportunities for
coal to gas fuel switching, presents the results from the various simulations under two scenarios where:
* electricity transmission is limited within each state; and
e electricity transmission is limited regional transmission organization (RTO) boundaries
In Chapter 4, one of the DOE's suggestions that transmission congestion could be met by building "new
generation close to a major load centers" is explored for the possible utilization of potentially available
NGCC capacity in lieu of such "new generation".
In Chapter 5, the hourly dispatch model developed for this analysis is explained and used to analyze the
potential for fuel switching in two different RTOs, the Electricity Reliability Council of Texas (ERCOT) and
the Florida Reliability Coordinating Council (FRCC).
In Chapter 6, an advanced linear programming tool called Regional Energy Development System (ReEDS)
that incorporates transmission constraints is used to analyze ERCOT. These results are compared with
results from the hourly model developed in chapter 5.
Chapter 7 presents the conclusions from this research along with suggestions for further study.
2. Methods and Tools
2.1. The Congressional Research Service Report on Fuel Switching
A recent study by the Congressional Research Service (CRS) 6 analyzed the potential of gas fired power
generation to displace coal fired power generation without requiring additional capital investment in
new generation capacity. The CRS report highlights the key issues to be considered by policy makers
who may be seeking to displace coal-fired electricity with power from existing natural gas plants.
The study calculates the maximum surplus generation from NGCC available for coal displacement based
on the assumption that existing NGCC units can be operated at an 85% capacity factor. The net available
NGCC generation is calculated as "the difference in generation from NGCC units when operated at 85%
capacity factor and the actual generation from NGCC units in the year 2007". This generation was
assumed to be available to be dispatched to displace generation from coal units.
The CRS study concluded that significant reductions could be achieved in C02, S02, NOx and mercury
emissions by taking advantage of surplus NGCC generation capacity. More specifically, the report
concluded that 640 TWh of coal generation could be replaced by NGCC generation resulting in 382
million tons of C02 savings. This is about 19% of the total emissions from coal generation in 2007.
Displacing this much coal generation would require an additional 4.8 Tcf of natural gas, which represents
about 20% of current gas consumption. These numbers are based on the assumption that there is no
transmission or operational constraints.
Figure 2-1: Hourly Coal and Combined Cycle Generation at Plant Barry The CRS report uses the
example of Plant Barry
November 2007 (Figure 2-1) to illustrate
1.800 Houd~iy Coa
1,00 LW the typical operation of
1,400 coal and NGCC units.
S1,200 Here NGCC units were
1,000-00 utilized intermittently
200 -
400 -available throughout the
200 -month. For example on
1 2 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 2D 2122 23 24 25 2 9 Nov. 3, 4, 11, 12, 18,21
Dowvof the Mont and 22, only coal units
were running. Even
during the remaining days, NGCC units weren't running at peak operating points, highlighting the need
for more in depth analysis to understand the dynamics of fuel switching.
6t "Displacing Coal with Generation from Existing Natural Gas-Fired Power Plants", by Stan Mark Kaplan CRS Report
for Congress, Jan 2010
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Based on proximity limitations of NGCC and coal units, displacement of coal generation and emissions
by existing NGCC units was also calculated in the CRS analysis. According to CRS:
* NGCC units located within 10 miles of coal units have a potential to displace 101.8 MWh of coal
generation, resulting in a 3% reduction in CO2 emissions from electric sector; and
* NGCC units located within 25 miles of coal unit have a potential to displace 181.5 MWh of coal
generation, resulting in a 5% reduction in CO2 emissions from electric sector.
The report stressed the need for an hourly dispatch model to more closely approximate the actual
potential for displacing coal generation with NGCC generation. Pursuant to this recommendation, an
hourly dispatch model was developed; the results of the analysis using this model are discussed in
chapter 4.
2.2. Methodologies Used in this thesis
The CRS report acknowledges the limitations of its analysis which provides only minimal direction and
data for policy makers who may be interested in pursuing fuel switching as an option for emissions
mitigation. To further estimate the potential opportunity and provide additional guidance, a more in
depth analysis is required. Along with advanced linear programming and Geographical Information
Systems (GIS) tools, Excel based models were developed to understand further the opportunities and to
illuminate the limitations of fuel switching.
The first step in this research involves collecting the appropriate electricity market data as follows:
* EIA publishes monthly Table 2-1 Generation and emissions year 2008 (data from EIA)
data on electricity
generation, fuel Net Electric Sector- C02 emissions 2,477 Mega Tons - C02
consumption, fossil fuel Net Electric Sector -SO 2 emissions 7.8 Meg Tons -S02
stocks, and receipts at Net Electric Sector- NOxemissions 3.3 MegaTons-HNx
the power plant and
prime mover level
using databases EIA- CO2 emissions from natural gas power plants 364 Mega Tons - C02
906, EIA-920 and EIA- S02 emissions from natural gas power plants 0.003 Meg Tons -SO2
923; NOx emissions from natural gas power plants 0.29 MegaTons- NOx
* EIA publishes net
emissions and
generation data on an CO2 emissions from coal power plants 1,921 Meg Tons - CO
annual basis (see Table S02 emissions from coal power plants 7 Mega Tons - SO2
2-1); and NOx emissions from coal power plants 4 Mega Tons - Nox
N Hourly demand data SO2 emissionsI7.8_MegaTons_-_SO2
was collected from the respective websites of RTO.
............... ..... ------
From this information, one can compute the efficiency metrics for all units, including heat rates and
capacity factors where:
* The heat rate of a plant is defined as British Thermal Units (BTUs) of fuel consumed by the
power plant to generate one kilowatt hour of electrical energy; and
* The capacity factor is defined as the actual electricity generated by the plant in one year
compared to what the summer name plate capacity of the plant could have generated if
operated for that entire year, or 8760 hours.
Next, natural gas fired power plants are assessed to
estimate the potentially available NGCC generation.
Natural gas fired power plants consist of three generic
types of movers: combined cycle; combustion gas
turbines; and single cycle steam turbine systems
*NGcc (Figure 2-2). For each NGCC unit, potentially available
generation (PAG) is calculated as the difference
SNG GT between what the summer name plate capacity of the
0 NG ST plant could have generated if operated at 85%
capacity factor minus the actual generation form that
unit in a given year. This is similar to the methodology
used in the referenced CRS report. In short:
potentially available generation (PAG) from NGCC7 unit =
(summer name plate capacity * 85%* 8760hrs) - (actual generation in a given year).
Figure 2-3 : Coal capacity (in GW)
Step four involves the binning of the actual generation
from coal plants based on heat rates and the year of the
first operation of the plant. Coal plants constructed
before 19878 and with heat rates greater than 10,000
Btu/kWh are categorized as "Less Efficient Coal" (LEC)
plants (note that the 10,000 Btu/kWh heat rate is 125%
of the average heat rate for NGCC plants, which is 7,500
Btu/kWh). The remainder of the generation from coal is
deemed to be "Efficient Coal" (EC) as shown in Figure
2-3.
* Less Efficient Coal n Efficient Coa
Only NGCC units larger than 50MW of summer name plate capacity were considered
8 In 1987 Fuel Use Act, which essentially outlawed the use of natural gas in power generation, was repealed
.......................
....  .....  .. ......... 
Next, the generation from LEC units was Table 2-2 Pollutants per fuel type
compared to NGCC PAG. Finally,
emissions from each of the plants are
calculated based on the fuel type and -
amount of fuel consumed. CO2 emissions
reductions are calculated as follows: CO2
emissions from a plant = (Fuel consumed
by the plant _ in BTUs 9) * (CO2 content
per Btu of the fuel type). Table 2-2
Pollutants lists the pollutants in one
billion btus of each fuel type. Source: EIA
Various levels of complexity have been gradually introduced into the model as follows:
e First, the potential of NGCC plants is estimated under a condition where generation is
completely fungible across the continental lower 48 states.
* Next, the NGCC potential is estimated when the generation is strictly limited within state
boundaries, although these boundary conditions do not reflect the import/export of power
between states and regions.
* A third scenario was computed where the generation is fungible within RTO boundaries.
Each of the scenarios described above assumes the average annual behavior of a plant in order to
estimate plant performance'0 . To approximate real world conditions and understand and accommodate
maximum peak demand at all times, hourly based analysis is required to understand the instantaneous
behavior of a plant under fluctuating demand conditions. The results of these various scenarios are
presented in chapter 3.
The next level of analysis involves estimation of hour-by-hour plant performance for an entire year.
Hourly generation dispatch analysis captures the effects of cycling the operating capacity" of a base
load plant. Baseload plants are designed to operate optimally over certain time increments. When a
baseload plant is not operated at optimum intervals, the operating efficiency of the plant degrades fairly
dramatically. The model developed to approximate this optimization is explained in more detail in
chapter 5. The fuel switching potential of NGCC plants is analyzed in the ERCOT (largely Texas) and FRCC
(largely Florida) systems using the hourly dispatch model. The results of this case study are also
presented in chapter 5.
9 BTU = British Thermal Unit
10 (given the level of data average monthly can be computed)
" Cycling Effects: Base load plants, including nuclear and coal, operate most efficiently over at least five to six day
intervals; shorter cycling significantly diminishes their efficiency and economic operation. Shorter cycling also
increases emissions from coal plants.
"I'll.." I .. ............ - -"   ... . ..... . .. . ... .  .
The geographic location and voltage of transmission lines affects the capacity of electricity flows from
various power plants to load centers. During peak demand periods, these limitations lead to congestion
in electricity flows. To understand this congestion and determine its possible implications for fuel
switching, transmission congestion points were compared with the location of coal and gas fired plants.
DOE's report on transmission congestion referenced earlier identifies high transmission congestion
across all of the North American Electric Reliability Council (NERC) regions. To estimate the effects of
fuel switching on transmission congestion, a GIS tool has been used to plot both regions with
transmission congestion and locations of existing coal plants and NGCC plants with PAG.
Finally, this thesis reviews a more granular simulation of coal generation displacement with NGCC PAG,
by examining the results from a model that includes transmission constraints. The Renewable Energy
Deployment System (ReEDS) model, a capacity expansion tool developed by DOE's National Renewable
Energy Laboratory, incorporates transmission network impacts and associated reliability considerations.
While ReEDS includes transmissions constraints, it was primarily designed to analyze the impact of
intermittent renewable on grid operations and fuel mixes.
3. Maximum Potential for Coal Displacement
There is a total of 190 GW of Natural Gas Combined Cycle (NGCC) capacity operating at an average 41%
capacity factor although, as noted, NGCC units are designed to operate at capacity factors as high as
85%. This compares to 311 GW of coal fired capacity, operating at around an average 70% capacity
factor. The relatively low capacity factors of NGCC plants suggest significant opportunities for displacing
coal generation with cleaner gas generation.
Using the methodology described in section 2.2 under a scenario where the system is not limited by any
operating constraints, increasing the capacity factor of NGCC to 85% can reduce the usage of coal fired
generation by 18%, resulting in CO2 emissions savings of 19%. S02 and NOx emissions are also reduced
by 36% and 42% respectively. These numbers will however likely be limited by the multiple constraints
embedded into the electricity system.
In order to provide the starting point on a road map for policy makers, an initial analysis was performed
to approximate these constraints under two scenarios, where electricity dispatch is allowed only within -
1) state boundaries; and
2) NERC boundaries.
3.1. Transmission constrained by state boundaries
Under the scenario where electricity dispatch is allowed only within state boundaries, PAG was
Table 3-1 NGCC Coal Displacement Potential - compared to the generation from the
constrained by state boundaries coal plants within each state. In this
scenario, the cumulative carbon emission
NGCC switching potential 516 Twh savings from the lower 48 states
exceeded over 13% of the net electric
% CO2 savings from electric sector 13% sector emissions in 2008. Additional gas
% S02 savings from electric sector 25% supply of 10.3 bcfd would be required to
achieve these emissions reductions
% NOc savings from electric sector 29% nationwide (see Table 3-1).
Additional Nat Gas required 10.3 bcfd
Figure 3-1 13 represents the PAG for coal-
to-gas fuel switching opportunities for each state, although actual opportunities will be determined by
the frequency and duration of capacity that is required to satisfy the highest peak in demand. In some
states including Arizona, Texas, Arkansas, Alabama, Florida, Georgia, South Carolina, Indiana, Illinois,
Wisconsin, Virginia, Delaware, New York, New Jersey and Pennsylvania, there appears to be significant
fuel switching opportunities; others, including Indiana, Kansas, Wyoming, Montana, North and South
Dakota etc. there appears to be no opportunity. It should be noted that some states have no NGCC
1 Note that this analysis appears in "Future of Natural Gas Study", by the MIT Energy Initiative. The term "FNP"
referred in the study was replaced with "PAG" in this thesis
. ........... ......................  .
capacity and likely use gas or steam turbines for peaking; this capacity is not included in the analysis.
Also, this analysis includes only NGCC units with capacities > 50 MW.
F Figure 3-1 Fuel switching potential in each state, State-boundary constrained
3.2. Transmission Constrained by Regional Transmission Organization
The scenario described above assumes that transmission is limited by state boundaries, meaning there
are no imports or exports of power between states or regions. While this first order analysis indicates
an opportunity space for state regulators and others involved in generation or transmission investment
decisions, it most likely places greater limits on opportunities than those that exist in real world
operations of the system.
In real world operations, boundary conditions are however imposed by the capacities and flexibility of
the gas and power transmission infrastructures. Factors such as limited long-distance transmission
capacity, possible stresses on specific gas pipeline systems, the availability of high deliverability gas
storage, the relative isolation of electricity interconnections, etc., could reduce opportunities for fuel
switching. A counter-balance to this could be the ability of a state or region to export electricity into or
out of a region.
An analysis that more closely approximates real world operating conditions would limit the transmission
within a larger geographic area where power trade flows are routine and coordinated. For this level of
MWh coal generation, heat rate <10,000
MWh coal generation for pre-1987 plants
with >10,000 heat rate
Existing NGCC capacity operating at 85% capacity factor
minus2008 actual MWh generation (PAG)
.... .. ... .. . ....... _: .......... ..  .
analysis, transmission has been constrained by RTO boundaries14 to estimate fuel switching
opportunities. In the contiguous 48 states, RTOs have been established based on transmission and
individual system operator (ISO) boundaries (See Figure 3.2). This scenario assumes that electricity can
be easily distributed within an RTO region.
I Figure 3-2 Fuel switching potential in each RTO - limited by RTO-boundaries
Modeling results indicate that cumulative
carbon emission savings from all of the
RTO centers exceeds 14% of the net
electric sector CO2 emissions in 2008.
Further, S02 emissions from the power
sector are reduced by 27% and NOx
emissions by 31%. To achieve these
emissions reductions through fuel
switching would require an incremental
11 bcfd of natural gas (Table 3-2).
RTO boundaries are defined on the Federal Energy Regulatory Commission website. For the purposes of this
analysis, in instances where states fall under more than one RTO, assignment of states to a particular RTO were
made based on the location of peak load centers
Scale: 100 TWh
MWh coal generation, heat rate <10,000
MWh coal generation for pre-1987 plants
with >10,000 heat rate
Existing NGCC capacity operating at 85% capacity factor
minus 2008 actual MWh generation (PAG)
Table 3-2 NGCC Coal Displacement Potential -
constrained by RTO boundaries
NGCC switching potential 552 Twh
% CO2 savings from electric sector 14%
% S02 savings from electric sector 27%
% NOx savings from electric sector 31%
Additional Nat Gas required 11.0 bcfd
.. ........................... . ............
4. Can Fuel Switching Alleviate Transmission Congestion?
In chapter 3, the transmission of electricity is analyzed by limiting flows within state and RTO
boundaries. Other transmission constraints should also be analyzed as they can lead to congestion of
electricity flows, which, in turn, can result in higher prices, less reliability or both. It is important to
understand whether PAG from NGCC units can play a role in alleviating this congestion, at the same time
it reduces pollutant emissions.
According to the 2006 DOE report on transmission congestion, new measures are needed to alleviate
congestion in locations where the economic effects of congestion are substantial. Options for doing so
identified in the report include new transmission construction, demand-side management and new
generation close to major load centers. DOE notes that the combination of these measures can reduce
overall electricity supply costs in the affected areas by millions of dollars per year and significantly
improve grid reliability.
The analysis in this chapter explores the suggestion in the DOE congestion report that "new generation
close to major load centers" may be required and examines the possible utilization of NGCC PAG
capacity in lieu of such new generation. Here PAG is calculated as annual average generation; as such
these calculations come with the same limitations as those described in earlier chapters and serve
largely as first order information for regulators and policy makers.
For purposes of this analysis, the geographical locations of NGCC plants with PAG as well as location of
LEC plants are superimposed on those locations of transmission congestion identified in the DOE study.
A GIS tool was used to plot all of the generation unit locations on a map. Figure 4-1 to 8 portrays
transmission congestion in various NERC regions. Each NERC region is further divided into counties and
the color coding of these counties represents various population densities (number of people living per
square mile) in each region:
" Yellow <500 people per square mile
e Orange 500-1000 people per square mile
* Dark Red >1000 people per square mile
e Areas with transmission congestion are represented with red arrows.
Figure 4-1 ISO New England, includes Connecticut, Maine, Massachusetts, New Hampshire, Rhode Island
and Vermont. According to the DOE study, transmission congestion in this region occurs mainly in high
population density areas such as Boston, Stamford and at the border of Connecticut State and New York
City. As seen in Figure 4-1, most of the NGCC plants with PAG, which are represented by the blue
colored dots, are located in the regions with high population densities and identified by DOE as areas
with chronic transmission congestion issues.
In ISO New England (see Figure 4-1), there are four LEC plants that are contributing to congestion with a
combined generation capacity of around 5 TWhs. There are also ten NGCC plants with PAG that,
because of their proximity to major load centers
Figure 4-1 ISO New England are the most likely candidate units for helping to
reduce transmission congestion. In 2008, these 10
I Transmission congestion NGCC plants were generating around 17.7 TWhs ofI NGCC with PAG
I Less efficient coal electricity, with an average annual capacity factor
Population density (per sq mile)Pouaio5 esty(e0s0ie of around 40%, meaning they have the potential to<500
1500-1000 generate over 20 TWhs of additional power.
I>1000
This means that if there was a one-for-one
displacement of generation from the four LEG
'V . plants with the PAG from the 10 NGCC plants,
Excess gas generation is near there is a maximum potential of 15.0 TWhs of
Boston city, which is one of
hehigh load center generation that could still be available to alleviate
congestion. This number would be likely be lower
because, as noted these figures represent annual
averages, not the amount of generation capacity
required to meet peak demand on any given day,
in any given hour. Using some of the PAG to alleviate congestion could, in turn, lead to reduced
electricity prices to consumers, as well as lower C02 and criteria pollutant emissions (although these are
not quantified as part of this analysis).
Figure 4-2 represents ISO New York which covers
the entire state. In this region, most of the LEC Figure 4-2 ISO New York
plants are located far from areas with high
population density, including the Buffalo and ITransmon congestion
New York City areas. Transmission congestion I Les effit oalPouato dest0prs ie All of this coal
occurs during peak demand, which requires the u50o0o generation Is located far
wheeling of power from these LEC units, alafcotepe
sometimes over long distances.
The LEC units in ISO New York most likely
contributing to transmission congestion in major
load centers generated 13.1 TWhs of electricity NGmetright neaetup
E NG Ch tsongcogestio
in 2008. The thirteen NGCC plants with PAG that tecneto
could most likely help alleviate this congestion,
generated 15.2 TWhs of electricity in 2008 and were operating at a 40% capacity factor. If these NGCC
units were operating at an 85% capacity factor, the maximum potential incremental generation available
to help alleviate congestion would be 17.2 TWhs. Again, the dispatch of some of this PAG would help
ease transmission congestion, reduce prices and lower emissions. Similar opportunities are observed in
PJM , CAISO and FRCC regions (see Figures 4-3 to 4-5).
....... ...  . ....... ..: . .. ...... ............ .  . .. ...........  
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Figure 4-5 ISO Florida
STransmission congestion
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1) Electricity generated from less efficient coal in IL and MO and
transmitted to the south 4 leading to congestion in AR and MS
2) Excess NGCC generation in AR and MS can reduce congestion
44
In southern Louisiana, generation from excess NGCC will reduce
congestion%
* Transmission congestion
* NGCC with PAG
* Less efficient coal




As seen in Figures 4-6 and 4-7, NERC regions MISO and SERC have a significant installed capacity of LEC





5. Hourly dispatch model
Analysis in chapters 3 and 4 calculates the PAG that may be available to displace coal generation based
on annual generation averages of the units in question. The actual available NGCC plant capacity is
based on the system configuration, which must maintain capacity at all times sufficient to satisfy
requirements for meeting peak demand.
Annual averages do not capture the hourly variations in dispatch of fuels/generation types. To more
accurately analyze these variations, an Excel-based hourly dispatch model has been developed for this
thesis to estimate as accurately as possible the potential of NGCC generation to displace coal generation
under a carbon-constrained scenario. The inputs to the Excel-based model include:
e hourly demand data;
e installed generation capacity;
* historical capacity factors for each fuel type, generation costs;
e fuel prices; and
* heat rates of various plant types.
In the base case, the model assumes a certain "stacking" of generation in dispatch order, which closely
approximates the real world dispatch decision tree in the carbon-unconstrained scenario. The model
dispatches generation from wind, solar and hydro whenever they are available, followed by generation
from nuclear, wind, coal, and natural gas. This base case scenario is the "carbon-unconstrained"
scenario.
Figure 5-1 : Various generations that are dispatched and
the legend used in rest of the chapter The model enables a comparison of this base
case to a "carbon-constrained" scenario
which varies the dispatch order of fuels
developed based on carbon criteria where
generation with lower carbon emissions is
dispatched before generation with higher
carbon emissions, the availability of
generation from renewables, and the
capability of nuclear/coal/natural gas -fired
power plants to vary the generation capacity.
Various types of generations dispatched in
this model along with the legend used for the
graphs in this chapter are shown in Figure 5-1
.. ...... . .. . ... . .- -.. .. . ..... .
5.1. Model description:
The model is designed to first meet demand by dispatching generation from renewables including
Figure 5-3 Hourly dispatch model - Step 1 hydro, solar and wind. These generation types are
dispatched whenever they are available (see Figure 5-3).
Because of data limitations, the model assumes a fixed
amount of generation from hydro, solar and wind over an
entire year (although this stacking is generally an
accurate depiction of generation from these fuels). This
number is estimated from the annual average generation
3. Wind in 2008 from EIA databases.
2. Hydro
1. Solar Figure 5-2 Hourly dispatch model - Step 2
In the carbon-unconstrained scenario, the model
assumes that certain generation types and fuels
constitute baseload power. After the model
dispatches all of the generation from renewables, it _4. Nudlear
dispatches generation from nuclear and coal fired 3 ind
plants (Figure 5-2). The model also assumes there are
2. Hydro
strong operational and economic reasons for holding
nuclear and coal generation constant. 1. Solar
Cycling Effects
Base load plants, including nuclear and coal, operate
Figure 5-4 Cycling Nuclear plants most efficiently over five to six day intervals or
longer; shorter cycling significantly diminishes their
efficiency and economic operation. Shorter cycling
also CO2 and criteria pollutant emissions from coal
plants.
To approximate real world operations, generation
from these fuels is held constant by the model for a
period of five days to minimize the inefficiencies
caused by frequently cycling the base load plants.
The model has the capability to maintain the generation capacity of both nuclear and coal plants at a
constant over time, which is set at five days (120 hours) in the model.
Figure 5-4- Case A profiles the cycling pattern of nuclear plants when system operators are required via
regulation to adjust generation from baseload plants to meet electricity demand, regardless of the
impacts on unit performance. This might occur during peak demand. In real world operations,
operators seek to minimize these inefficiencies by running units for longer periods of time. As such, in
..... ....... 
.. . ..... .. ... .  ............. 
.................
the model, generation from nuclear plants is held constant for at least 120 hours, similar to real world
operations. This results in a new dispatch profile as shown in Figure 5-4 case B. Coal plants should also
maintain a constant generation output over a fixed period of time to achieve optimum performance.
Coal plants are subjected to the algorithm shown in Figure 5-4 for 120 hours.
In this model generation is dispatched under two scenarios:
1) Carbon unconstrained; and
2) Carbon constrained.
Under carbon unconstrained scenario, (Figure 5-5 Scenario-1), generation from Less Efficient Coal (LEC) 16
is dispatched followed by generation from Efficient Coal (EC)1 7 and natural gas.
Figure 5-5 Hourly dispatch model - Step 3
Scenario 1: Carbon unconstrained Scenario 2: Carbon constrained
9. NG-GT 9. NG-GT
8. nd-S 3. nd-S
1. Solar 1. Solar
natural gas- gas turbine (NG-GT) units to meet any remaining unmet
Under a carbon constrained
scenario, (Figure 5-5 Scenario-2),
generation from EC and NGCC
units is dispatched before LEC
plants; the assumption is that
with carbon constraints, LEC
becomes more expensive than
EC. Both EC and LEC plants are
subjected to the same cycling
algorithm as explained in Figure
5-4.
Finally in step 4, generation from
natural gas-steam turbine (NG-
ST) is dispatched, followed by
dispatch of generation from
lemand (see Figure 5-5).
5.1.1. Electricity prices / Revenues / Costs
The model enables estimates of the impacts of various dispatch profiles on electricity prices, as well as
the revenues and profits earned by operators of various fuel types.
In real-world operations, generation costs are estimated based on fuel type, mover type, fuel
consumption, heat rate and fuel prices. In order to understand the impacts of varying the dispatch order
of fuel/generation types based on some carbon policy that forces the dispatch of available NGCC
generation over LEC generation, the generation costs for each fuel and mover type are based on a
combination of historical data and actual fuel prices.
1 Less Efficient coal plants are defined as coal plants with heat rate > 10,500 btus/kWh and built prior to 1987
1 Efficient coal plants are the coal plants that aren't less efficient coal plants
.... .... ............... ..  .  ....................  ...  
5.1.2. Electricity prices: System Marginal Pricing mechanism
In deregulated electricity markets, electricity prices are set by either system marginal pricing (SMP) or
locational marginal pricing (LMP) mechanisms. SMP is the cost of producing one extra unit of output.
LMP incorporates impacts of transmission constraints, which is beyond the scope for this analysis.
In this instance, an SMP mechanism was modeled to calculate the price of dispatched electricity at any
given hour. Electricity price in this model is the" unit cost of the most expensive generation that is
dispatched to meet the demand". Figure 5-6 and Figure 5-7 represent the electricity dispatched from
various fuel types during two specific hours and explain the pricing mechanism in more detail. The X-axis
in these graphs represents the cost of generation from the various fuel types, and the Y-axis represents
the amount of generation.
During hour-1 (see Figure 5-6), the unit price of electricity is set by the generation from natural gas
combustion gas turbine plant, which is the most expensive among all of the generation types that are
dispatched in that particular hour. Similarly during hour-2 (see Figure 5-7) the unit price of electricity is
set by the generation from coal plants, the most expensive among all of the generation types that are
dispatched in that particular hour.
Based on the pricing methodology described above, revenues for each power plant operator, grouped
by fuel type, are calculated for both carbon-unconstrained and carbon-constrained scenarios. Annual
revenues for a power plant operator are the cumulative product of generation and electricity price in a
given hour. Similarly, generation costs of various fuel types are calculated as the cumulative product of
generation and actual cost of generation.
Figure 5-6 Dispatch during hour-1
Price of electricity is 11.7 cents/kWh
cents/kWh .03 .01 4.7 5.4 8.1 11.7
X axis: Generation cost (in cents/kWh) by fuel
type
Y axis: Amount of generation in a given hour
Figure 5-7 Dispatch during hour-2
Price of electricity is 4.7 cents/kWh
cents/kWh .1 .03 .01 4.7
X axis: Generation cost (in cents/kWh) by fuel
type
Y axis: Amount of generation in a given hour
........ ..........................  ..
. ..........
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5.2. Simulation results - Case studies of ERCOT and FRCC
Two case studies were performed using the model described in Section 3.0 and 3.1., looking at the
ERCOT and FRCC regions. In each of these, simulations were run under the two scenarios explained
above:
1) The carbon unconstrained scenario (referred to in figures as "base dispatch"); and
2) The carbon constrained scenario (referred to as "env dispatch")
5.2.1. ERCOT
As noted, ERCOT is an isolated system that is not subject to the types of transmission constraints found
in other regions of the country. Figure 5-8 shows the load profile and installed capacity in ERCOT. Figure
5-9 depicts the dispatch profile in the carbon-unconstrained scenario. Here generation from coal plants
(both efficient and less efficient) is dispatched before all three types of gas generation, resulting in a
constant amount of generation from coal plants over an entire year. In the case of carbon-constrained
scenario, see Figure 5-10, the generation from LEC plants is completely replaced by generation from
natural gas plants.
Figure 5-8 ERCOT - Demand and Installed Capacity
oW Demand Installed
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Figure 5-10 ERCOT - Generation dispatch profile - Carbon constrained scenario (env dispatch)
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Emissions
Under the carbon unconstrained scenario, there are 165 megatons of CO2 emissions from power
generation in ERCOT; under the carbon constrained scenario, emissions are 125 megatons, a 24%
decrease in net CO2 emissions obtained simply by dispatching PAG through an environmental dispatch
requirement (Figure 5-11). An environmental dispatch also results in reductions in criteria pollutant
emissions. NOx emissions are reduced by 49% and S02 emissions are reduced by 70% (see Figure 5-13
and Figure 5-12).
Electricity Prices
These emissions reductions come at a price. The average annual increase in prices is 9%, with wide
seasonal variations. In the summer, electricity prices increase by 22% (see Figure 5-14) because high
summer demand requires the dispatch of generation from more expensive natural gas steam turbines.
Figure 5-14 ERCOT -Electricity Prices and dispatch profile in peak summer (two consecutive days)
GW cents/kWh GW cents/kWh











Average electricity price = 6.8 cents/kWh Average electricity price = 8.3 cents/kWh




In the winter, price changes are negligible, compared to the prices under carbon unconstrained scenario
(see Figure 5-15) because in both scenarios, the most expensive generation dispatched is from NGCC
plants.
Figure 5-15 ERCOT - Electricity Prices and dispatch profile in winter (two consecutive days)
GW cents/kWh 6W cents/kWh
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Generator Revenues
As seen in Figure 5-16, in the carbon constrained scenario, revenues from coal plants decrease but
overall profit margins increase because more expensive generation from natural gas steam turbines and
gas turbine plants is dispatched and, as noted, prices are set at the margin by the highest cost fuel. Not
surprisingly, the net increase in revenues for the generator companies translates into an increased price
of electricity to the end use consumer.































. ............................... . .. . . .  . . . . -1  - -- - - A- - I--,-.- ..-... - -
Cost Per Ton of Carbon vs. Price Per Ton of Carbon
Electricity prices are driven by a combination of the fuel dispatch profile and market pricing mechanisms
for fuels. As such, the price of carbon to consumers can vary depending on regulatory policies and the
marginal cost of the most expensive generation. This does not however reflect the cost of carbon
emissions per unit of coal or gas generation. If one looks at the cost of carbon per kilowatt hour, the
cost per ton of carbon is relatively independent of regulatory policies, is not tied to marginal cost of
generation, and is therefore generally lower than the price.
As noted, the model estimates a 9% increase in average electricity prices annually under the carbon
constrained scenario compared to the carbon-unconstrained scenario, leading to nearly 34 megatons
C02 savings (about 21% reduction compared to emissions in the carbon-unconstrained scenario). This
translates to a price of carbon of around $46/ton of CO2. The cost of carbon however comes out to be
around $26/ton.
A sensitivity analysis was performed for various coal and natural gas prices in ERCOT, as depicted in
Figure 5-17. In the figure, the bottom left triangle portion represents the region of high coal and low
natural gas prices that can result in negative price for C02. As the price of natural gas increases, the cost
of CO2 emissions savings increases and as the price of coal increases, the cost of CO2 emissions savings
decreases. The hexagon highlight represents the region where the cost of CO2 is between $0 and $25.
Figure 5-17 - ERCOT - carbon pricing calculated based on actual cost of generation
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5.2.2. Simulation of fuel switching opportunities in the FRCC region
The FRCC region is largely the state of Florida. In the FRCC, electricity demand is met with a total of 46
GW of installed power plant capacity as shown in Figure 5-18. The simulation is run under the two
Figure 5-18 - FRCC - Installed Capacity (in MW) and hourly demand (in MW) scenarios described
above, in which
ow Demand Installed dispatch is not and is
so Cacity carbon constrained.
RFO profiles under the two
NG.GT scenarios are
35.2 GW
35 3 NG.ST displayed in Figure
30 average demand= P NG.CC 5-20 and Figure 5-21.
25 . Lessefficien The model indicates
coal that all of the
2 clean coal
20 generation from LEC
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The legend in Figure 5-19 is used in the remaining figures in this chapter.
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Figure 5-20 FRCC- Generation dispatch profile - Carbon unconstrained scenario (base dispatch)
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Figure 5-21 FRCC - Generation dispatch profile - Carbon constrained scenario (env dispatch)












Under the carbon constrained scenario, there are CO2 emissions savings of nearly 10 megatons
compared to emissions in the carbon unconstrained scenario (see Figure 5-22). This is about 10% of the
total CO2 emissions in FRCC under carbon unconstrained scenario. SQ2 emissions are reduced by nearly
38% and and NOx emissions are reduced by 25% in the carbon constrained scenario (see Figure 5-23 and
Figure 5-24).
Electricity Prices
As in ERCOT, emissions in FRCC decreased under carbon constrained scenario and electricity prices
increased by an average of 10%. Variations in price increases between summer and winter months were
not as great in FRCC, where summer prices increased by nearly 13%, (see Figure 5-25) and winter prices
by 2% due to the occasional dispatch of generation from natural gas - steam turbine plants, (see Figure
5-26). The smaller range is likely due to the greater amount of electricity used for air conditioning in
FRCC and the different fuel mixes.



























Average electricity price = 7.8 cents/kWh




Figure 5-23 FRCC - S02
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Average electricity price = 8.8 cents/kWh
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Average electricity price = .5 cents/kWh
In carbon constrained scenario, the increase in electricity prices results in higher revenues and in turn
higher profit margins for all of the power plant operators. For example, the profit margin for NGCC plant
operators increased from 21% to 27% under carbon unconstrained and constrained scenarios. Similarly
the profit margin for EC plant operators increased from 20% to 26%.
Cost Per Ton of Carbon
The 10% increase in annual average electricity prices translates into $117/ton of C02 , based on a
revenue pricing model. As explained earlier this does not represent the actual cost of CO2 since
electricity prices are driven by complex market pricing mechanisms. Based on the increase in actual
generation costs (see Figure 5-27) from various fuel types, the cost of carbon in FRCC is about $40/ton of
CO2 based on prices of $4.7/MMBtu for natural gas and $2.7/MMbtu for coal.
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A further sensitivity analysis was performed to assess the price of CO2 under various fuel prices (see
Figure 5-28). As the price of natural gas increases, the price of CO2 increases as well.
The bottom left region of this figure represents high coal prices and low natural prices and results in
negative price for CO2.The negative price essentially implies that there is both economic and
environmental benefit to switching fuels.
Figure 5-28 - FRCC- carbon pricing calculated based on actual cost of generation
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6. Simulation using an advanced model
6.1. Renewable Energy Deployment System (ReEDS)
To this point, Excel-based models have been developed and used to assess the potential for fuel
switching. An advanced modeling tool, the Renewable Energy Deployment System'8 ReEDS, is used to
enable more granular analysis of the complexities of the electric power system and the potential for fuel
switching.
ReEDS is a capacity expansion tool developed by DOE's National Renewable Energy Laboratory. The tool
incorporates transmission network impacts, associated reliability considerations, and dispatch of plants
as operating reserves. The ReEDS model splits electricity demand into seventeen different blocks that
correspond to the demand during representative periods of time over the course of a year. Unlike the
Excel-based hourly model described earlier, ReEDS includes transmission constraints.
6.2. Results of Analysis Utilizing the ReEDS Model
In the MIT Future of Natural Gas Study, Interim Report published by MIT Energy Initiative"9, ReEDS was
used to analyze the effects of increasing the capacity factor of existing NGCC units, with an assumption
that appropriate policy will enable preferential treatment of NGCC dispatch. The tool also simulates the
base case where the dispatch order is based on cost of generation.
In the gas study, an analysis was conducted on the ERCOT system, comparing the base case to the case
where an environmental dispatch forces NGCC generation to be dispatched before coal generation. Fig:
6-1 represents how various types of generation would be dispatched to meet 2008 actual demand under
the two scenarios. The key conclusion of the analysis is that, by increasing the capacity factor of NGCC
plants some coal generation in ERCOT can be displaced in all demand periods.
18 The Renewable Energy Deployment System (ReEDS) model is used to project capacity expansions of generation,
incorporating transmission network impacts, associated reliability considerations and dispatch of plants as
operating reserves. It also captures the stochastic nature of intermittent generation as well as temporal and spatial
correlations in the generation mix and demand. It has been developed by the National Renewable Energy
Laboratory (NREL) (Logan, J., Sullivan, P., Short, W., Bird, L., James, T.L., Shah, M. R., "Evaluating a Proposed 20%
National Renewable Portfolio Standard," 35 pp. NREL Report No. TP-6A2-45161, 2009)
19 Future of Natural Gas Study, by MITEI -June 2010
Fig: 6-1 - Case study on ERCOT using ReEDS
MW Changes in dispatch order to meet ERCOT's 2008 demand
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For this case study, results indicate that a coal to gas displacement strategy could reduce power sector
CO2 emissions by about 22%, and demand for natural gas in the ERCOT electricity generation market
would increase by 0.36 Tcf/yr. The cost of CO2 reductions in this option directly depends on the
differential in fuel and variable O&M costs between natural gas and coal.20
6.3. Comparison of results from ReEDS with results from hourly dispatch analysis
The hourly dispatch model developed and used for analysis in chapter 5, indicates that there would be a
21% reduction in C02 emission in the ERCOT region by dispatching PAG from NGCC units ahead of coal
generation, without compromising system reliability. As noted, a ReEDS simulation results in a C02
savings of 22%. ERCOT is an isolated system with few transmission constraints, which most likely
explains the similar results between the hourly dispatch model analysis which does not include
transmission constraints, and the ReEDS analysis, which does.2' Additional analysis is required for
regions where there are substantial transmission constraints.
20 Also published in Future of Natural Gas Study, by MITEI -June 2010
2 These analyses are based on the data from 2008. Since 2008, ERCOT has significantly increased its renewables
generation capacity.
.................. .........    ..... . .... . .............. ....................................................
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7. Results/Conclusions
There is substantial potentially available NGCC capacity that can replace generation from LEC plants.
This displacement could result in significant reductions in emissions of both C02 and criteria pollutants.
Without system constraints, replacing LEC with PAG would result in C02 emissions reductions of 20%,
which is the maximum achievable amount. This numbers drops to 19%, if electricity transmission is
limited within RTO boundaries and 14% if electricity transmission is constrained by state boundaries.
Responding to a recommendation in a recent CRS study of gas to coal fuel switching opportunities from
dispatching existing underutilized NGCC capacity, an hourly dispatch model was developed to further
analyze the switching potential of NGCC plants. Two case studies of the ERCOT region and the FRCC
region were performed using an hourly dispatch model. In ERCOT, an environmental dispatch that favors
the dispatch of NGCC over coal has the potential to reduce C02 emissions by nearly 22%, S02 emission
by 70% and NOx emissions by 49%, compared to the base case. This would be achieved at cost of
$26/ton of C02.
Using an hourly dispatch model to analyze the FRCC region where preference is given to NGCC
generation over LEC plants, there would be a 10% reduction in C02 emissions, a 38% reduction in S02
emissions and a 25% reduction in NOx emissions compared to the base case. These savings are achieved
at 10% increase in electricity prices.
The cost per ton of C02 emissions avoidance varies widely based on regional generation mixes and fuel
prices.
Based on modeling and analysis of ERCOT, the cost per ton of C02 emissions avoidance from displacing
coal with NGCC generation was around $20 per ton. The cost of C02 emissions avoidance for FRCC was
$40 per ton. The per ton C02 avoidance costs in ERCOT are lower than in FRCC. This is because total
generation from LEC plants in FRCC is lower than in ERCOT, resulting on fewer opportunities for
emissions reductions.
There is substantial opportunity to reduce congestion in high load demand centers without the need to
build new generation by utilizing PAGfrom NGCC plants located in areas where congestion is a chronic
problem.
In ISO New England, a one-for-one displacement of units of generation from those LEC plants
contributing to congestion with the PAG from NGCC plants located near major load centers, could still
leave a potential 15.0 TWhs of NGCC generation to help alleviate congestion.
Similarly, in ISO New York, if the PAG available from NGCC units located near load centers was to
displace all LEC generation contributing to regional congestion, the maximum potential incremental
NGCC generation available to help alleviate congestion would still be 17.2 TWhs.
7.1. Next Steps
e Transmission constraints need to be incorporated into the hourly dispatch analysis to further
analyze the potentialfor fuel switching.
Though the results from hourly dispatch analysis in ERCOT are similar to the results from ReEDS,
this might not be true for other regions.
e Further research is required to understand the limitations on fuel switching imposed by gas and
generation infrastructures, as well as market structures.
Limitations of the pipeline, transmission and distribution networks, and storage infrastructures
could limit fuel switching. Last year, the switching of coal to gas generation accelerated in
certain regions due to high coal commodity and transportation prices 22 and relatively low
natural gas prices. Also, not all coal-fired plants can be switched to natural gas. Factors such as
contractual obligations for delivered coal, constraints in the capacity of natural gas pipelines and
inability to pass on costs to consumers, affect the switching between the coal and gas and place
limits on this transition.
e The cost per ton of carbon avoidancefrom coal to gasfuel switching utilizing PAGfrom existing
NGCC units should be compared to other alternatives, including demand side management and
renewables generation.
* Hourly data should be developed to analyze the potentialfor PAGfrom NGCC units to alleviate
transmission congestion at the same time it reduces C02 and other criteria pollutant emissions.
2 http://www.glgroup.com/News/Fuel-Switching-from-Coal-to-Natural-Gas-Fired-Electricity-Generation-
29773.html Dec 15th 2009
